We define a new class of Z models with neutral flavor-changing interactions at tree level in the down-quark sector. They are related in an exact way to elements of the quark mixing matrix due to an underlying flavored U(1) gauge symmetry, rendering these models particularly predictive. The same symmetry implies lepton-flavor non-universal couplings, fully determined by the gauge structure of the model. Our models allow to address presently observed deviations from the SM and specific correlations among the new physics contributions to the Wilson coefficients C ( ) 9,10 can be tested in b → s + − transitions. We furthermore predict lepton-universality violations in Z decays, testable at the LHC.
I. INTRODUCTION
The Standard Model (SM) of electroweak interactions [1] , based on the gauge group G SM ≡ SU(2) L × U(1) Y , has been tested to very high accuracy over the last decades. This has strong implications for new physics (NP) scenarios, which are then required to involve a very high mass scale, a highly non-trivial flavor structure, or both. Recently the LHCb collaboration has performed two measurements involving semileptonic b → s + − transitions which show deviations with respect to the SM expectations: The ratio R K = Br(B → Kµ + µ − )/Br(B → Ke + e − ) has been measured with a central value indicating a violation of lepton universality at the 25% level [2] , implying a 2.6σ deviation, and the observable P 5 obtained from the angular analysis of B → K * µ + µ − decays differs from the SM expectation with 2.9σ significance [3] . Taking these measurements at face value, they require the NP to have the following features:
(i) Sizable contributions to b → s + − transitions,
(ii) lepton non-universal couplings.
Extensions of the SM gauge group by an additional U(1) factor are among the possible NP scenarios that could explain these deviations [4] [5] [6] [7] [8] [9] [10] (other NP interpretations have been discussed e.g. in Refs. [11] [12] [13] [14] ). Such U(1) models have been popular extensions of the SM for many years, see Ref. [15] and references therein. However, the majority of the extensions considered in the literature are family universal in the quark (and chargedlepton) sector, and therefore do not meet condition (ii). Models with departures from family universality can give rise to large flavor changing Z interactions, which are strongly constrained by current flavor data [9, 16, 17] . The conditions (i) and (ii) therefore limit considerably the viable U(1) gauge symmetries.
Starting a new construction with the minimal particle content, i.e. the SM one without right-handed neutrinos, the only possible extension is gauging one of the combinations of family-specific lepton number, L α − L β (with α, β = e, µ, τ and α = β) [18] . Since the resulting Z boson couples only to leptons, these models do not meet requirement (i) and have been discussed mostly in the context of neutrino phenomenology, usually considering the L µ − L τ symmetry [19] . Recent models [4, 5] circumvent this problem by introducing additional fermions (vector-like quarks). This yields the required couplings at an effective level.
In order to avoid such exotic vector-like quarks, the U(1) symmetry has to involve both quarks and leptons, and should be family-dependent in order to satisfy conditions (i) and (ii). However, such a non-trivial flavor symmetry in the quark sector requires the extension of the scalar sector in order to accommodate the quark masses and mixing angles [20] . It has been shown in Ref. [6] that this option can be realized by including an additional complex scalar doublet. This model generates flavorchanging phenomena in the down-quark sector which are related in a first approximation to the CabibboKobayashi-Maskawa (CKM) mixing matrix [21] . Flavorchanging interactions are also present in the up-quark sector of this model, but these are not related to CKM matrix elements or quark masses.
We would like our model to have all of its fermion couplings related exactly to elements of the CKM matrix. To that aim, we note that there is a class of twoHiggs-doublet models (2HDM) that achieves this, known as Branco-Grimus-Lavoura (BGL) models [22] . These models have flavor-diagonal interactions in the up-quark and charged-lepton sectors, together with flavor-changing neutral currents (FCNCs) in the down-quark sector. The latter are suppressed by quark masses and/or off-diagonal CKM elements in an exact way, thereby providing an alternative solution to the flavor problem in 2HDMs which differs radically from the hypothesis of natural flavor conservation [23] .
While in the original BGL model the flavor symmetry is global, in this work we promote it to a local one. This is achieved by charging also the leptons under the symmetry, thereby enabling anomaly cancellation. In this gauged BGL framework (U(1) BGL ), the properties of the BGL models are transferred to the gauge boson sector: we obtain FCNCs mediated at tree-level by the neutral scalar and massive gauge vector bosons of the theory, all of which are suppressed by off-diagonal CKM elements and/or fermion masses, and therefore naturally suppressed. This class of models necessarily exhibits deviations from lepton universality due to its gauge structure. Note that this form of flavor suppression in the down-quark sector also appears in certain 3-3-1 models [7] . However, in our framework this is not a choice, but a consequence of the gauge symmetry.
This paper is organized as follows: We formulate the U(1) BGL models in Sec. II. In Sec. III we discuss the constraints from flavor and collider data, testing the strong correlations present in these models, specifically with respect to the deviations observed by LHCb. We conclude in Sec. IV. The appendices include technical details on anomaly cancellation and the scalar sector.
II. GAUGED BGL SYMMETRY
A characteristic feature of BGL models [22] 1 is the presence of FCNCs at tree level, which are however sufficiently suppressed by combinations of CKM matrix elements. This is a consequence of specific patterns of Yukawa couplings, generated by corresponding charge assignments under a horizontal, family-nonuniversal (BGL-)symmetry.
The quark Yukawa sector of the model reads (i = 1, 2)
where Γ i and ∆ i denote the Yukawa coupling matrices for the down-and up-quark sectors, respectively, and Φ i ≡ iσ 2 Φ * i , with the Pauli matrix σ 2 . The neutral components of the Higgs doublets acquire vacuum expectation values (vevs) | Φ
1/2 , measurements of the muon lifetime fix
1 Their extension to include neutrino masses has been discussed in Ref. [24] .
246 GeV. We further define tan β = v 2 /v 1 and use the following abbreviations: cos β ≡ c β , sin β ≡ s β , tan β ≡ t β .
Choosing an abelian symmetry under which a field ψ transforms as
the most general symmetry transformations in the quark sector yielding the required textures are of the form
with X uR = X tR . The Higgs doublets transform as
There are several possible implementations of this symmetry, related by permutations in flavor space and exchanging up-and down-quark sectors; here, for definiteness, the top quark has been singled out, yielding the patterns
These textures give rise to FCNCs in the down-quark sector, which are however suppressed by quark masses and off-diagonal elements of the third CKM row [22] . This is related to the fact that the CKM mixing matrix V ≡ U † uL U dL has a direct correlation in this model with the elements of the third row of the rotation of the left-handed down quarks, i.e. (U dL ) 3i = V 3i . The choice of the top quark in Eq. (3) implies a particularly strong suppression of flavor-changing phenomena in lightquark systems. Present constraints from ∆F = 1 and ∆F = 2 quark flavor transitions are accommodated even when the scalars of the theory are light, with masses of O(10 2 ) GeV [25] . While this model can be implemented through an abelian discrete symmetry, this always yields an accidental continuous abelian symmetry which introduces an undesired Goldstone boson into the theory [22] . Several solutions to this problem have already been proposed in the literature [22, 26] ; in the following we provide a new solution, promoting the BGL symmetry to a local one.
When gauging a symmetry, special attention must be paid to whether it remains anomaly-free.
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2 In this work we consider only symmetries as "good" if all gauge models are automatically free of QCD anomalies, i.e.
2 [26] . However, we also need to fulfill the anomaly conditions for the following combinations:
We find that there is no solution for this system within the quark sector alone with the charge assignments in Eq. (3). Satisfying these anomaly conditions is highly non-trivial and requires, in general, additional fermions. However, the implementation of the BGL symmetry as a local symmetry is possible by adding only the SM leptonic sector when allowing for lepton-flavor non-universal couplings. As in the SM, the cancellation of the gauge anomalies then occurs due to a cancellation between quark and lepton contributions; the cancellation will however involve all three fermion generations, contrary to the SM gauge group, for which the anomaly cancellation occurs separately within each fermion generation. Gauging the BGL symmetry therefore not only removes the unwanted Goldstone boson, which is "eaten" by the Z , but also provides a consistent Z model without extending the particle content beyond the additional scalars, i.e. no vector-like quarks are necessary. The flavor structure is extended to the Z couplings, yielding again strongly suppressed FCNCs in the down-type quark sector, while the up-type-quark couplings remain diagonal. Especially, since the flavored gauge symmetry fixes also the charged-lepton Yukawa matrices to be diagonal, we can obtain large deviations from lepton universality without introducing lepton-flavor violation. Our models provide thereby explicit examples for which the general arguments given in Refs. [11, 28, 29] do not hold.
A. Lepton sector
As emphasized above, the anomaly constraints can be fulfilled by assuming that leptons are also charged under the U(1) symmetry. The resulting charge constraints are given in Appendix A.
For X Φ2 = 0 the mixing between the neutral massive gauge bosons is suppressed for large tan β. With this choice, we obtain only one possible solution to the anomaly conditions up to lepton-flavor permutations, implying the following charge assignments:
anomalies are canceled. It would be also possible to consider anomalous U(1) extensions in the low-energy theory whose anomaly graphs get canceled via the so-called Green-Schwarz mechanism [27] .
We have normalized all U(1) charges by setting X dR = 1, thereby fixing also the normalization for the gauge coupling g . In addition to the top, this particular model singles out the tau lepton as the only one coupling to Φ 2 . Permutations of the charges in X L and X e R give rise to 5 more models.
With the charge transformations in Eq. (7), the charged-lepton Yukawa sector takes the form
with
while the quark Yukawa sector remains unchanged. We call to attention that no reference to the neutrino sector has been made in the previous arguments. In this work we are mostly interested in the properties of the quark and charged-lepton sectors in the presence of a new gauge boson, while we leave a detailed discussion of the neutrino sector to future work. This structure has been studied in Refs. [19] , and while it is not capable of fully accommodating the neutrino data, it can serve as a good starting point.
If we want to improve on this scenario while keeping our solution to the anomaly conditions, we may want a mechanism that at the effective level already breaks the accidental L µ − L τ symmetry. For instance, we may extend the model with 3 right-handed neutrinos, where one of them is not charged while the other two have opposite charges. In this way the anomaly solutions remain unchanged. Choosing the charges of the right-handed neutrinos appropriately, the Dirac mass term for the neutrinos can be made diagonal and the Majorana mass for the right-handed ones L µ − L τ symmetric. Along the lines of Ref. [6] , coupling an additional scalar to the righthanded neutrinos could break the accidental symmetry at the effective level.
We can also envisage other mechanisms that do change the anomaly conditions and, therefore, introduce new solutions.
B. Gauge boson sector
In order to avoid experimental constraints on a Z boson, the U(1) symmetry must be broken at a relatively high scale, rendering the new gauge boson significantly heavier than the SM ones [15] . This can be achieved through the introduction of a complex scalar singlet S, charged under the BGL symmetry with charge X S , which acquires a vev
The charge of the scalar singlet is fixed once the scalar potential is specified, in our case X S = −9/8, see Appendix B for details.
As a consequence of the gauge symmetry breaking, G SM ×U(1) → U(1) em , the neutral massive gauge bosons mix, giving rise to a Lagrangian of the form
where J µ A andĴ µ Z are the SM currents of the photon and the Z, respectively. The fermionic piece of the new current takes the form
with P L,R = (1 ∓ γ 5 )/2 denoting the usual chiral projectors, g the U(1) gauge coupling, and X ψ X the phase transformation matrices in the fermion mass basis, i.e.
Here
is the third component of weak isospin for the left-handed fields (T ψ R 3 = 0) and Q ψ the electric charge. We also define the vector and axial-vector combinations of the Z ( ) couplings,
The coefficients ψ V (A),ij encode corrections to the SM Z couplings due to mixing with the Z which are proportional to g ξ at leading order in the mixing angle. Such corrections are restricted to be small (g ξ 10 −4 ) [31, 32] . In addition to our initial assumption, v S v, which already gives a small ξ, we will assume that the mixing angle receives an additional suppression, because tan β is large.
Another important theoretical constraint is obtained when requiring the absence of a low-energy Landau pole, i.e. an energy scale Λ LP at which perturbativity is lost. This scale can be found from the renormalization-group running of the U(1) coupling, we have:
where the one-loop beta function b contains the charge information of the model. It reads
with f including all fermion degrees of freedom and i = 1, 2. The Landau pole can be extracted from the pole of
, we obtain
For the charges in our model we have b 12.90, see Eq. (7). Taking M Z 4 TeV, we get a Landau pole at the Planck scale, Λ LP > ∼ 10
19 GeV, for g < ∼ 0.12. Notice that this bound is stronger than the naïve perturbativity
, which in our model gives g < ∼ 0.47. We can relax this condition by assuming that additional NP will appear at the see-saw or the Grand Unification scale. This way we obtain g < ∼ 0.14 for Λ LP ≥ 10 14 GeV and g < ∼ 0.13 for Λ LP ≥ 10 16 GeV. The extension of the model to these scales is beyond the scope of this work.
C. Scalar sector
Here we discuss the main features of the Higgs sector of the model, a detailed derivation of these results is given in Appendix B. It consists of two complex Higgs doublets and a complex scalar gauge singlet. Their properties are largely determined by the fact that v/v S 1. The spectrum contains four would-be Goldstone bosons giving mass to the electroweak (EW) gauge vector bosons {M W , M Z , M Z }, a charged Higgs H ± and four neutral scalars (three CP-even {H 1 , H 2 , H 3 } and a CP-odd A).
We obtain a decoupling scenario with a light SMlike Higgs boson, M 5 The Yukawa interactions of the scalar 5 It is also possible to motivate scenarios that avoid decoupling based on an enhanced Poincaré symmetry protecting the weak scale [33] . These can give rise to a rich scalar sector at the EW scale and a pseudo-Goldstone boson in the spectrum.
bosons reflect this decoupling. They can be written as
with (f = u, d, ). Here fermions have been rotated to the mass eigenbasis. The diagonal matrices D f =u,d, contain the fermion masses, and the matrices N f are given as
The couplings of the scalar H 3 to the fermions are additionally suppressed, since they are generated only through mixing with the doublet degrees of freedom:
The matrix N d is non-diagonal in flavor space, giving again rise to tree-level FCNCs in the downquark sector controlled by the CKM matrix V . Furthermore, as shown in Appendix B, the constraints from the U(1) symmetry render the scalar potential CP invariant. CP violation in our model is therefore uniquely controlled by the CKM phase, like in the SM. 
D. Model variations
As mentioned in section II A, we have six model implementations according to the different lepton flavor permutations of the U(1) charges, with identical quark and scalar charges given in Eq. (7). These permutations are performed in the basis where the lepton mass matrix is diagonal and the eigenvalues are correctly ordered. This way each permutation corresponds to the simultaneous interchange of the charges of both left-and right-handed leptons. It is straightforward to check that the permutation of just one set of charges, while satisfying the anomaly conditions as well, would give rise to a nondiagonal mass matrix and reduce to one of the six cases considered here after diagonalization.
In order to present the predictions for each of these models, we introduce the generic lepton charges
such that each implementation is labeled by (e, µ, τ ) = (i, j, k). For instance, the model presented in Eq. (7) is now labeled as (1, 2, 3). The additional possibilities to implement the quark and neutrino sectors have been discussed in Secs. II and II A, respectively.
III. DISCUSSION
In this section we discuss the phenomenology of the gauged BGL models introduced in the previous section. The phenomenology of a scalar sector with a flavor structure identical to the one of our model has been analyzed in Ref. [25] . Since we are assuming a decoupling scalar sector, we can naturally accommodate a SM-like Higgs at 125 GeV; the heavy scalars are not expected to yield sizable contributions to flavor observables in general. We therefore focus on the phenomenological implications of the Z boson for this class of models. In the cases where the constraints depend on the choice of lepton charges in our model, we give here the most conservative bound and discuss the differences in Secs. III C and III D.
A. Low-energy constraints
Despite the large mass of several TeV, the Z boson yields potentially significant contributions on flavor observables, due to its flavor-violating couplings in the down-type quark sector. However, because of M 2 W /M 2 Z ≤ 0.1% and the CKM suppression of the flavorchanging Z couplings, these contributions can only be relevant when the corresponding SM amplitude has a strong suppression in addition to G F . This is specifically the case for meson mixing amplitudes and electroweak penguin processes which we will discuss below. Further examples are differences of observables that are small in the SM, for example due to lepton universality or isospin symmetry.
The particular flavor structure of the model implies a strong hierarchy for the size of different flavor transitions:
(where λ 0.226). However, since the SM amplitudes often show a similar hierarchy, the relative size of the Z contribution has to be determined on a case-by-case basis. We obtain for example similar bounds from the mass differences ∆m d,s in the B d,s systems and K . Here we include exemplarily the constraint from B s mixing, while leaving a detailed phenomenological analysis for future work.
Given the high experimental precision of ∆m s [34] , the strength of the corresponding constraint depends completely on our capability to predict the SM value. The limiting factors here are our knowledge of the hadronic quantity f Bs B s (for which substantial progress is expected soon, see Ref. [35] ) and the relevant CKM elements. Using the corresponding values from Refs. [36] and [37] , respectively, we conclude that contributions to ∆m s up to 20% remain possible at 95% confidence level (CL); from this we obtain the limit M Z /g 16 TeV. Tree-level scalar contributions have been neglected, since their effect cancels to a very good approximation in the decoupling limit considered here [38] .
Regarding the input for the CKM parameters, we make the following observations in our models: (i) Chargedcurrent tree-level processes receive negligible contributions. (ii) The mixing phase in B d,s mixing and the ratio ∆m s /∆m d remain SM-like. (iii) The additional direct CP violation in B → ππ, ρπ, ρρ and B → J/ΨK is negligible. These observations imply that in our context the global fits from Refs. [37, 39] remain valid to good approximation.
In our models the Z boson couples to muons and will contribute to neutrino trident production (NTP),
We expect dominance of the Z vector current for our models. The NTP cross section normalized to the SM one was calculated in Refs. [4, 9, 40] . Using a combination of the latest NTP cross-section measurements we obtain a bound on the parameter combination M Z /g [41] , which is however weaker than the one from B s mixing.
Atomic parity violation (APV) measurements also place bounds on additional neutral gauge bosons coupling to electrons and light quarks. In particular, the precise measurement of the 133 Cs weak charge from APV experiments is in a reasonable agreement with the prediction of the SM and can be used to set bounds on the Z boson of our models [42] . The bound we obtain on M Z /g from the latest determination of the 133 Cs weak charge is however again weaker than the limit from B s mixing.
Further potentially strong bounds stem from electric dipole moments (EDMs) and the anomalous magnetic moment of the muon. EDMs from the scalar sector occur at the two-loop level; while this alone does not render them necessarily sufficiently small, the additional suppression and cancellations in the decoupling limit imply very small effects [25, 43] . Anomalous magnetic moments can be present at the one loop level, but are again too small in 2HDMs near the decoupling limit [25, 44] . Concerning the new gauge boson, one-loop contributions to EDMs require different phases for left-and right-handed Z couplings to quarks and/or leptons [45] ; this feature is not present in our model, therefore the Z contributions are again at the two-loop level and sufficiently suppressed, given the large Z mass. In the case of anomalous magnetic moments we have non-vanishing one-loop contributions, which for the muon read [46] 
where X µV ≡ (X µL + X µR )/2 and X µA ≡ (X µR − X µL )/2. Using the bound on M Z /g fromB 0 s − B 0 s mixing, we get a NP µ < 1.3 × 10 −11 for all charge assignments, which is smaller than the current theory uncertainty in the prediction of a SM µ [31] .
B. Direct searches
The obvious way to search directly for a Z is via a resonance peak in the invariant-mass distribution of its decay products. At the LHC this experimental analysis is usually performed by the ATLAS [47] and CMS [48] collaborations for Z production in the s-channel in a rather model-independent way, but assuming validity of the narrow-width approximation (NWA), negligible contributions of interference with the SM [49] , and flavoruniversal Z couplings to quarks. Under these assumptions, the cross section for pp → Z X → ff X takes the simplified form [50, 51] 
where the functions w u,d are hadronic structure factors that encode the information of the Drell-Yan production processes of the Z and their QCD corrections (for a precise definition of these functions we refer the reader to Ref. [51] ). The model-dependent part of the cross section is contained in the coefficients c u,d :
While the assumptions for these expressions are not exactly fulfilled in our model, they are applicable when neglecting the small contributions proportional to the offdiagonal CKM matrix elements. The reason is that under this approximation the Z couplings to the first two generations -which yield the dominant contribution to the Drell-Yan production of the Z -are universal and flavor conserving in the quark sector, see Eqs. (7) and (12) . Note that X uL X dL up to small corrections proportional to the off-diagonal CKM matrix elements that we are neglecting.
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For high values of g the ratio Γ Z /M Z can be quite large, spoiling the NWA. The constraint is therefore only 7 Flavor changing Z couplings between the first two quark generations are suppressed by |V td V * ts | ∼ λ 5 while violations of universality are suppressed by |V td | 2 ∼ λ 6 and |Vts| 2 ∼ λ 4 , with λ 0.226. applicable for g < ∼ 0.2, such that Γ Z /M Z does not exceed 15%. However, for the mass range accessible so far such a large coupling is typically excluded by the constraint R K , as will be shown below. Combined exclusion limits on the Z at 95% CL using the dimuon and dielectron channels have been provided by the CMS collaboration in the (c u , c d ) plane [48] . Using these bounds together with the constraint from R K , we find that a Z boson is excluded in our models for M Z 3-4 TeV, depending on the lepton charge assignments, while g should be O(10 −1 ). These bounds are stronger than those from many Z benchmark models, for which current LHC data typically give a lower bound of M Z 2-3 TeV [47, 48] . The reason is a combination of a sizable value for g /M Z required by the constraint from R K and the combination of Z couplings to fermions appearing in our model, see Eq. (30) .
When the Z is too heavy to be produced at a given collider, M 2 Z s, indirect searches can be carried out by looking for effects from contact interactions, i.e. effective operators generated by integrating out the heavy Z . At the LHC, the corresponding expressions hold for M Z 4.5 TeV, and limits can be extracted e.g. from searches for the contact interactions (qγ µ P L,R q)(¯ γ µ P L,R ) [52] . These are presented in terms of benchmark scenarios considering a single operator with a specific chirality structure. From the 95% CL limit provided in Ref. [52] for the operator (qγ µ P L q)(ēγ µ P R e) we extract M Z /g 22 TeV. Searches for contact interactions of the type (ēγ µ P L,R e)(f γ µ P L,R f ) were performed at LEP [53] . These are sensitive to a Z -boson coupling to electrons assuming M Z 210 GeV and the resulting limits are again given for benchmark scenarios. In this case we extract M Z /g 16 TeV from the 95% CL bound on the operator (ēγ α P R e)(μγ α P R µ). It is important to note that the extracted bounds from contact interactions using benchmark scenarios do not capture the full dynamics of our models once the Z boson is integrated out. Interference effects due to operators with different chirality structures will be relevant in general, a detailed analysis of these effects is however beyond the scope of this work. These bounds should therefore be taken as a rough guide to the sensitivity of contact interactions searches at LEP and the LHC to the Z of our models. However, in general they do not put relevant bounds as long as g is not too large.
C. Discriminating the different models
The constructed class of models has two important features which imply specific deviations from the SM: controlled FCNCs in the down-quark sector and violations of lepton universality. Thanks to the very specific flavor structure, the two are strongly correlated in each of our models. While the flavor-changing couplings are universal in the models we discuss here, the lepton charges differ. Correspondingly the models can be discriminated by processes involving leptons, specifically rare leptonic and semileptonic decays of B mesons, which can test both features.
The effective Hamiltonian describing these b → s + − transitions reads
where
The piece H b→sγ eff is the effective Hamiltonian for the radiative transitions including dipole operators [17] . New physics contributions to H b→sγ eff arise in our models from one-loop diagrams mediated by Z and Higgs bosons. Both of them are very small due to the assumed mass scale of several TeV [17] .
At the b-quark scale, the SM contribution to the remaining part reads C [17, 38] . The Z contribution to C 9,10 is given by
. In Table I we show the correlations between the Wilson coefficients C The CP-even Higgs H 2 and the CP-odd Higgs A can give sizable contributions to O S and O P , respectively. For muons we have
8 The correlation C S = −C P was expected given the assumed decoupling in the scalar sector [54] . 
Here we have denoted the quasi-degenerate masses of H 2 and A byM H ≡ M H2 M A , see Appendix B for details of the scalar sector. The coupling (N ) µµ is again modeldependent: (N ) µµ = t β m µ for models (1, 2, 3), (2, 1, 3), (3, 1, 2) and (3, 2, 1), while (N ) µµ = −t −1 β m µ for (1, 3, 2) and (2, 3, 1). The suppression by the muon mass renders these contributions negligible, apart from observables in which also the SM and Z contributions receive this suppression, e.g. B s → µ + µ − . Higgs contributions to O S,P will be additionally suppressed by a factor m s /m b compared to the corresponding non-primed operators and are neglected in the following.
The angular distributions of neutral-current semileptonic b → s + − transitions allow for testing these coefficients in global fits. Furthermore, they provide precise tests of lepton universality when considering ratios of the type
with M ∈ {K, K * , X s , K 0 (1430), . . .} [55] , where many sources of uncertainties cancel when integrating over identical phase-space regions.
Additional sensitivity to the dynamics of NP can be obtained via double-ratios [56] ,
It was shown in Ref. [56] that the dependence on the NP coupling to left-handed quarks cancels out in R M . Since C 9,10 = 0 in our models we have R K * = R Xs = R K0(1430) = 1, providing an important test of the flavor structure of our models. The possible hadronic final states for these ratios yield sensitivity to different NP structures, thereby providing complementary information. The discriminating power of these observables has been shown recently in Ref. [12] within the framework of leptoquark models and in more general contexts in Refs. [13, 56, 57] .
To analyze the deviations from flavor-universality we define R M 1 + ∆ + Σ, where Σ is the pure contribution from NP and ∆ the one from the interference with the SM. These quantities are given by
and are valid to a very good approximation given the present experimental uncertainties. Our models also give clean predictions for the rare decay modes B → {K, K * , X s }νν [17] . Tree-level Z -boson contributions to these decays are generically expected of the same size as in b → s transitions. However, the modes with neutrino final states do not distinguish between our different models, since there is no sensitivity to the neutrino species. We obtain again a universal value for all ratios R The reason is again the sum over the different neutrino species: due to the different charges, the Z contribution interferes both constructively and destructively, leaving a net effect that is smaller than in the modes with charged leptons.
The leptonic decays B 0 s,d → + − constitute another sensitive probe of small NP effects. Within the SM, these decays arise again at the loop level and are helicity suppressed. Due to the leptonic final state, the theoretical prediction of these processes is very clean. They receive Z -and Higgs-mediated contributions at tree-level in our model through the operators O µ 10,S,P [13] ,
where y µ 7.7 m b . For the range of model parameters relevant here, the Z contribution toB s → µ + µ − is very small with respect to the SM, ∼ 1% for M Z ∼ 5 TeV and g ∼ 0.1. Larger contributions are possible due to scalar mediation for the models (1, 2, 3), (2, 1, 3), (3, 1, 2) and (3, 2, 1), given that C S −C P ∝ t 2 β in these cases. TakingM H ∼ 10 TeV and t β ∼ 30 for example, one obtains a suppression of Br(B s → µ + µ − ) of about 10% relative to the SM. In our model the ratio
remains unchanged with respect to the SM to a very good approximation.
If a Z boson is discovered during the next runs of the LHC [58] , its decays to leptons can be used to discriminate the models presented here. We define the ratios where again the dominant sources of uncertainty cancel, rendering them particularly useful to test lepton universality. This possibility has also been discussed in Refs. [59] . In our models we have
The first ratio is fixed in our models, µ b/t 1, while large deviations from µ / = 1 are possible. The modelspecific predictions for the ratio µ / are shown in Table II. We note that there is a correlation between R K and µ e/µ : an enhancement of R K (as present in models (1, 3, 2), (2, 1, 3) and (2, 3, 1)) implies an enhancement of µ e/µ and the other way around. Violations of lepton universality can therefore be tested by complementary measurements of flavor observables at LHCb or Belle II and Z properties to be measured at ATLAS and CMS. −0.074 ± 0.036 for q 2 ∈ [1, 6] GeV 2 , a 2.6 σ deviation with respect to the SM prediction [55, 60, 61] . The second measurement is the angular analysis of B → K * µ + µ − decays [3] , where an excess of 2.9σ is observed for the angular observable P 5 in the bin q 2 ∈ [4, 6] GeV 2 , 9 which has been constructed to reduce the influence of form factor uncertainties [62] .
Attributing the measurement of R K solely to NP, i.e. assuming that it will be confirmed with higher significance in the next run of the LHC and/or by additional R M measurements, it is the first way to exclude some of our models, since it requires sizable non-universal contributions with a specific sign. The flavor structure in each of our models is fixed, so half of them cannot accommodate R K < 1, namely (1, 3, 2), (2, 1, 3) and (2, 3, 1) . This is illustrated in Fig. 1 , where it is additionally seen that a large deviation from R K = 1, as indicated by the present central value and 1σ interval, can actually only be explained in two of the remaining models. This strong impact shows the importance of further measurements of R M ratios. Model-dependent predictions for RK as a function of g /M Z . The recent measurement of RK by the LHCb collaboration is shown at 1σ and 2 σ. Constraints from Bs mixing are also shown at 95% CL.
In Fig. 2 we show the constraints from the R K measurement for the remaining models (1, 2, 3), (3, 1, 2) and (3, 2, 1). The allowed regions are consistent with the constraint from B We also show the theoretical perturbativity bounds obtained from the requirement that the Landau pole for the U(1) gauge coupling appears beyond the see-saw or the Grand Unification scales, i.e. Λ LP > 10 14 GeV and Λ LP > 10 16 GeV, respectively. Regarding the angular analysis in B → K * µ + µ − , the situation is more complicated. The wealth of information provided in this and related measurements requires a global analysis, which is beyond the scope of this work. However, a number of model-independent studies have been carried out [8, [63] [64] [65] [66] [67] . These analyses differ in terms of the statistical methods used, treatment of hadronic uncertainties (see also Ref. [68] ), and consequently in the significance they find for the NP hypothesis over the SM one. However, they agree that a contribution C NPµ 9 ∼ −1 can fit the data for P 5 without conflicting with other observables. Additional contributions from e.g. C
NPµ 10
can Table III . Model-dependent bound on C be present, but are less significant and tend to be smaller. When using Table I to translate the R K measurement into a bound on C NPµ 9 in our models, see Table III , the ranges are perfectly compatible with the values obtained from P 5 , as also observed for other Z models [8, 64, 67] . This is highly non-trivial given the strong correlations in our models and will allow for decisive tests with additional data.
Let us further comment on the implications of the recent measurements ofB
Both results seem to hint at a deviation from the SM, however in opposite directions. A confirmation of this situation with higher significance would rule out our models which predict these ratios to be equal; however, the uncertainties in the B d mode are still large. Regarding the B s mode, which is measured consistent with the SM prediction, it should be noted that the result depends sensitively on the value adopted for |V cb |, where the value from inclusive B → X c ν decays was chosen in the SM calculation [70] . In any case, as discussed in Sec. III C, a potential shift could be explained in the context of our models by scalar contributions, which are, however, not directly related to the Z contributions discussed above. The models that accommodate the b → s + − data can be further discriminated using the observables described in the last section, notably using the ratios µ / , provided a Z boson is discovered at the LHC.
IV. CONCLUSIONS
The class of family-non-universal Z models presented in this article exhibits FCNCs at tree level that are in accordance with available flavor constraints while still inducing potentially sizable effects in various processes, testable at existing and future colliders. This is achieved by gauging the specific (BGL-)symmetry structure, introduced in Ref. [22] for the first time, which renders the resulting models highly predictive.
The particle content of the models is minimal in the sense that the extension of the U(1) symmetry to the lep- ton sector allows to restrict the fermion content to the SM one. The only additional particles are then a second Higgs doublet, a scalar singlet and the Z boson, all of which are heavy after spontaneous symmetry breaking, due to the large mass scale for the singlet. The anomaly conditions largely determine the charge assignments under the U(1) symmetry; the remaining freedom is used for two phenomenologically motivated choices, leaving only six possible models which are related by permutations in the lepton sector.
The main phenomenological features of these models can be summarized as follows: 1. FCNCs at tree level in the down-quark sector, which are mediated by heavy Z gauge bosons and neutral scalars, controlled by combinations of CKM matrix elements and/or fermion mass factors.
2. Non-universal lepton couplings determined by the charges under the additional U(1) symmetry.
3. No FCNCs in the charged-lepton or up-quark sectors.
4. Complete determination of the U(1) sector up to two real parameters, M Z and g , where all observables at the electroweak scale and below depend only on the combination g /M Z .
Present data already strongly restrict the possible parameter ranges in our models: direct searches exclude Z masses below 3 − 4 TeV and the constraint from B mixing implies M Z /g ≥ 16 TeV (95% CL). Theoretical bounds from perturbativity give an upper bound on the value of the gauge coupling, e.g. g < ∼ 0.14 for a Landau pole beyond the see-saw scale. Nevertheless, three of our models can explain the deviations from SM expectations in b → s + − transitions seen in LHCb measurements [2, 3] , while the other three are excluded (at 95% CL) by R K < 1. These findings are illustrated in Figs. 1 and 2 . Any significant deviation from the SM in an observable with Z contributions allows for predicting all other observables, for instance the values for C NP 9,10 obtained from R K , see Tables I and III . Further characteristic predictions in our models include the following:
• The absence of flavor-changing Z couplings to right-handed quarks implies R M = 1, i.e. all ratios defined in Eq. (36) are expected to be equal, R K = R K * = R Xs = . . . The same holds for the ratios R ν M in B → Mνν decays.
• If a Z is discovered at the LHC, measurements of σ(pp → Z → i¯ i )/σ(pp → Z → j¯ j ) can be used to discriminate between our models, due to the specific patterns of lepton-non-universality, see Table II .
• Leptonic down-quark FCNC decays are sensitive to the Higgs couplings in our model, specifically B d,s → + − . Double ratios of B s and B d decays are again expected to equal unity.
In the near future we will therefore be able to differentiate our new class of models from other Z models as well as its different realizations from each other. This will be possible due to a combination of direct searches/measurements at the LHC and high-precision measurements at low energies, e.g. from Belle II and LHCb. Further progress can come directly from theory, e.g. by more precise predictions for ∆m d,s or K .
As a final remark, we recall that in this minimal implementation of gauged BGL symmetry neutrinos are massless. Additional mechanisms to explain neutrinos masses can introduce new solutions to the anomaly equations; these new variants are subject to future work.
Finally, the vacuum solution in our models allow for complex vevs but that is not sufficient to have spontaneous CP violation. In the weak gauge sector CP violation is manifest through the invariant Tr [H d , H u ] 3 [71] . In the CP-invariant scenario, i.e. with real Yukawa matrices, the Hermitian combinations H u,d are given by
In our model we get Tr [H d , H u ] 3 = 0, implying the absence of CP violation in the gauge interactions when the only phase is carried by the scalar vev. As a consequence, the source of CP violation for the weak currents in our model is present in the Yukawa couplings and will appear in the observables through the CKM mechanism.
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